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Dissecting Integrin-Dependent Regulation of Neural Stem
Cell Proliferation in the Adult Brain
Cristina Porcheri,1Ueli Suter,1* and Sebastian Jessberger1,2*
1Institute of Molecular Health Sciences, Department of Biology, Swiss Federal Institute of Technology Zurich, 8093 Zurich, Switzerland, and 2Brain
Research Institute, Faculty of Medicine and Science, University of Zurich, 8057 Zurich, Switzerland
Controllingneural stemandprogenitor cell (NSPC)proliferation is critical tomaintainneurogenesis in themammalianbrain throughout
life. However, it remains poorly understood how niche-derived cues such as 1-integrin-mediated signaling are translated into NSPC-
intrinsicmolecular changes to regulate NSPC activity. Here we show that genetic deletion of integrin-linked kinase (ILK) increases NSPC
proliferation through PINCH1/2-dependent enhancement of c-Jun N-terminal protein kinase activity in both neurogenic regions of the
adult mouse brain. This effect downstream of ILK signaling is mediated through loss of Ras suppressor unit-1 (RSU-1), as virus-based
reconstitution of RSU-1 expression rescued the ILK-dependent effects on NSPC proliferation. Thus, we here identified an intracellular
signaling cascade linking extrinsic integrin-mediated signaling to NSPC proliferation and characterized a novel mechanism that regu-
lates NSPC activity in the adult mammalian brain.
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Introduction
Somatic stem cells are undifferentiated cells that maintain the
ability to self-renew and to give rise to a multitude of specialized
cells within their tissue of origin.Neural stemandprogenitor cells
(NSPCs) persist in the subventricular zone (SVZ) lining the lat-
eral ventricles and in the hippocampal subgranular zone (SGZ) of
the dentate gyrus (DG) in the adult mammalian brain (Gage,
2000; Alvarez-Buylla and Lim, 2004). NSPCs generate new neu-
rons throughout life that contribute to tissue homeostasis and
play pivotal roles in some forms of adult brain function (Ming
and Song, 2011; Sahay et al., 2011). Understanding the cellular
and molecular mechanisms underlying neurogenesis is a prereq-
uisite for a potential therapeutic targeting of neurogenesis in re-
generative medicine (Zhao et al., 2008).
Previous data showed that control of NSPC proliferation is
critical to prevent premature exhaustion of the stem cell pool and
to ensure life-long neurogenesis. Key signaling cascades control-
lingNSPCproliferation include, among others, Notch, BMP, and
Shh signaling (Lai et al., 2003; Ahn and Joyner, 2005; Colak et al.,
2008; Ables et al., 2010; Ehm et al., 2010; Lugert et al., 2010; Mira
et al., 2010). Furthermore, cellular mechanisms such as regula-
tion of cell cycle duration and control of the metabolic state de-
termine the rate of NSPC proliferation (Lange et al., 2009;
Knobloch et al., 2013).
Similar to other somatic stem cell systems, it is established that
specialized microenvironments surrounding NSPCs, hereafter
called neurogenic niches, are key mediators of extrinsic cues sig-
naling onto NSPCs to control their activity or to enable differen-
tiation (Alvarez-Buylla and Lim, 2004). Neurogenic niches
provide soluble factors such as Wnt3 that are indispensable for
proper neuronal differentiation and neurogenesis (Lie et al.,
2005; Karalay et al., 2011). Furthermore, the niche exerts key
functions on NSPCs by mediating interactions with other cells
residing in the NSPC microenvironment such as astrocytes, and
endothelial, ependymal, and immune cells (Song et al., 2002; Ziv
et al., 2006; Rolls et al., 2007; Mirzadeh et al., 2008; Shen et al.,
2008; Fuentealba et al., 2012; Kokovay et al., 2012). In addition,
the niche controls NSPC behavior through interactions with the
extracellular matrix (ECM; Garcion et al., 2004). Laminins, ma-
jor proteins in the basal lamina, interact with other ECM compo-
nents, and previous reports have shown that the most abundant
laminin receptor in the adult brain, 1-integrin, is critically in-
volved in neurogenesis in the adult SVZ (Belvindrah et al., 2007;
Kazanis et al., 2010). Canonical1-integrin signaling ismediated
through the IPP complex, named after its main constituents
integrin-linked kinase (ILK), PINCH1/2, andParvin (Wickstro¨m
et al., 2010). However, the intracellular cascades mediating the
effects of integrin signaling on adult NSPCs remain unknown.
Here we show that NSPC-selective loss of ILK (or PINCH1/2)
in the SVZ and SGZ enhances NSPC proliferation by increasing
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c-Jun N-terminal protein kinase (JNK) activity. In addition, we
provide evidence that enhanced JNK activity is due to the loss of
Ras suppressor unit-1 (RSU-1) upon ILK-deletion. Thus, we
have identified a novelmechanism explaining how niche-derived
signals are translated into NSPC behavior.
Materials andMethods
Animals. All animal experiments were approved by the veterinary office
of the Canton of Zurich, Switzerland. Mice of either sex were kept with
littermates under a 12 h dark/light cycle in single ventilated cages and
with ad libitum access to food and water. hGFAP-GFP mice and Nestin-
GFP mice (Yamaguchi et al., 2000; Beckervordersandforth et al., 2010)
have been described previously. To generate conditional ILK or Pinch1/2
knock-out mice, ILKflox/flox or Pinch1/2flox/floxmice (Grashoff et al., 2003;
Li et al., 2005; Stanchi et al., 2005) were crossed with Nestin-CreERT2-
R26YFPmice (generated on a C57BL/6 background; Lagace et al., 2007).
Cre-mediated recombination was induced by five consecutive intraperi-
toneal injections of tamoxifen (TAM) dissolved in sunflower oil (180
mg/kg; both reagents were purchased from Sigma) at the age of 6 weeks.
Heterozygous littermates were used as controls. In the absence of TAM,
no recombined yellow fluorescent protein (YFP)-expressing cells were
detected. Formeasuring proliferation in vivo, the 10 d post-TAManimals
were administered 5-ethynyl-2-deoxyuridine (EdU) at a dosage of 50
mg/kg twice daily for 3 d. To label the transit-amplifying population
derived from recombined stem cells, mice received injections of 5-iodo-
2-deoxyuridine (IdU; 50 mg/kg) every 2 h for 10 h before being killed.
For immunohistochemical analyses, mice were transcardially perfused
30 d after the last EdU injection with 0.9% sterile NaCl, followed by 4%
paraformaldehyde (PFA)/0.1 M phosphate buffer, pH 7.4. Brains were
post-fixed in 4% PFA/0.1 M phosphate buffer overnight at 4°C followed
by 30% sucrose/0.1 M phosphate buffer and stored at 4°C. Brainswere cut
into 40-m-thick free-floating sections as described previously (Bracko
et al., 2012).
Immunohistochemistry/immunocytochemistry. Immunohistochemis-
try was performed on 40-m-thick free-floating serial sections as de-
scribed previously (Knobloch et al., 2013). The following primary
antibodies were used: rabbit -GFP (green fluorescent protein; 1:500;
Invitrogen), chicken -GFP (1:500; Aves Labs), mouse -NeuN
(neuronal-specific nuclear protein; 1:100; Millipore), goat -Sox2 (1:
500; Santa Cruz Biotechnology), rabbit -GFAP (1:500; Dako), mouse
-GFAP (1:500; Sigma), goat -doublecortin (DCX; 1:250; Santa Cruz
Biotechnology), mouse-Mash1 (1:500; BD PharMingen), rabbit-ILK
(1:50; Abbiotec), mouse -ILK (1:50; BD Bioscience), rabbit -Pinch
(1:100; Abcam), and mouse -IdU/BrdU (1:50; BD Bioscience). EdU
visualization was performed using the Click-iT EdU Imaging Kit (Invit-
rogen) according to the manufacturer’s protocol. Secondary antibodies
(The Jackson Laboratory) were applied 1:500 at room temperature for
1–2 h. To detect apoptotic nuclei, we performed a terminal deoxynucleo-
tidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL)
reaction according to the manufacturer’s instructions (Roche). Positive
cells were analyzed 43 d after recombination using double staining with
YFP. To phenotype cells for ILK and PINCH1/2 expression, we analyzed
500 NestinGFP-positive cells (including radial glia-like and nonradial
NSPCs, but excluding pericytes and ependymal cells) for coexpression
with ILK and PINCH1/2. One to six series of coronal sections (with each
section corresponding to a sixth of the entire brain) through the brain
were used for all quantifications. Areas in the DG and SVZ were
measured using ImageJ. Cell nuclei were counterstained with 4-
6-diamidino-2-phenylindole (DAPI; 1:5000; Sigma). Immunocy-
tochemistry was performed as described above on cells fixed with 4%
PFA for 15min. The following antibodies were used: goat-Sox2 (1:500;
Santa Cruz Biotechnology), chicken -GFP (1:500; Aves Labs), rabbit
-ILK (1:50; Abbiotec), rabbit -Pinch (1:100; Abcam), and rabbit
-DsRed (1:1000; Clontech). Neurosphere staining was performed as
previously described (Beckervordersandforth et al., 2010). The following
antibodies were used: rabbit-ILK (1:100; Abbiotec) and rabbit-Pinch
(1:100; Abcam). Floating whole-mount SVZs were dissected from
hGFAP-GFP mice (kindly provided by Dr. M. Go¨tz, Helmholtz
Zentrum, Munich, Germany; Beckervordersandforth et al., 2010) and
Nestin-GFP mice (Yamaguchi et al., 2000). Whole-mount staining was
performed as described previously (Mirzadeh et al., 2008). Briefly, SVZ
whole mounts were stained after 15 min of fixation in 4% PFA followed
by 30 min incubation of 0.5% Triton in PBS. The following primary
antibodies were used: mouse - catenin (1:500; Millipore), chicken
-GFP (1:500; Aves Labs), rabbit -ILK (1:50; Abbiotec), and mouse
-Pinch (1:100, Abcam).
Image analysis. For colocalization experiments and cell quantifica-
tions, confocal microscopy (AOBS-SP2 microscope, Leica) was per-
formed followed by analysis, 3D reconstructions, and colocalization
studies with the software Imaris (Bitplane). Cells were counted on single
stacks for a total of four stacks per slice (one stack every 10m), carefully
excluding double counting. Cells and neurosphere staining images were
acquired using an epifluorescent microscope (Axiovert Observer, Zeiss).
Images were analyzed using ImageJ and Photoshop.
Cell culture experiments.Mouse NSPCs were isolated from 6-week-old
adult control mice and ILKflox/flox or Pinch1/2flox/flox mice using the gen-
tleMACS Dissociator and the MACS Neural Tissue Papain Dissociation
Kit (Miltenyi Biotec) according to the manufacturer’s protocols. Single-
cell suspensions were cultured as neurospheres in DMEM/F12 medium
supplemented with B27 (Invitrogen), human EGF (20 ng/ml), and hu-
man basic FGF-2 (20 ng/ml, Peprotech), containing an antibiotic/anti-
mycotic agent (Anti-Anti, Invitrogen). Medium was changed every 2–3
d. After a few passages, cells were either expanded further as neuro-
spheres or cultured as monolayers in DMEM/F12 medium supple-
mented with N2 (Invitrogen) and heparin (5 mg/ml) in addition to EGF
and FGF. Infecting monolayers with a Cre-expressing lentivirus induced
in vitro recombination. For all of the following experiments, cells were
used 10 d postinfection to ensure complete protein loss. For neurosphere
assays, cells were plated in a single-cell dilution into 96-well plates, and
sphere size was assessed 10 d after seeding using bright-field and fluores-
cent microscopy Axiovert Observer D1 (Zeiss). Cumulative analysis was
performed comparing 400 spheres per sample in triplicate. Statistical
analysis and histograms of frequency distribution were generated using
Prism 6 GraphPad software. Critical D values for Kolmogorov–Smirnov
(K-S) analysis were calculated on anExcelWorksheet and comparedwith
K-S table values for the assessment of statistical significance. For prolif-
eration assays, cells cultured in monolayers were treated with an EdU
pulse (10 M, Sigma) for 1 h at 37°C followed by PFA fixation.
Pharmacological inhibition of MEK (U0126) and JNKs (SP600125)
was performed following the manufacturer’s instructions (Santa Cruz
Biotechnology and Sigma). Stock solutions were prepared in DMSO and
used at a final concentration of 1 or 10 M. U0126 and SP600125 were
added to the medium 24 h before proliferation assessment.
To test for an effect of RSU-1 overexpression, cells with ILK deletion
and control cells were transduced with retrovirus expressing a CAG-
mCherryRSU-1 fusion protein cassette or a CAG-mCherry as a control.
Four days postinfection, mCherry-positive cells were selected via FACS
sorting (FACSAria IIIu cell sorter, BD Biosciences), and a proliferation
assay was performed as described above. For interference experi-
ments, control cells were infected with a lentivirus expressing RSU1-
specific shRNA or nontargeting shRNA (Mission shRNA, Sigma).
EdU administration and staining were performed as described above
4 d after treatment.
Virus production. Lentiviral and retroviral particles were produced as
previously described (Jessberger et al., 2008; Bracko et al., 2012). Human
embryonic kidney 293T cells were transfected with viral constructs and
packaging plasmids using Lipofectamine 2000 (Invitrogen). Viral titers
ranged from 106 to 109 colony-forming units/ml. In vitro recombination
was induced in cells derived from control or experimental animals in-
fected with Cre-expressing lentivirus. Lentivirus-expressing RSU-1-
specific shRNA was produced according to the manufacturer’s
instructions (Mission shRNA; Sigma).
Plasmids. For in vitro recombination, lentivirus constructs expressing
PGK-CreGFP were cloned as described previously (Jessberger et al.,
2008). For the overexpression of RSU-1, total RNA was extracted and
cDNA retrotranscribed according tomanufacturer instructions (Invitro-
gen). PCR was performed for amplification of RSU-1 and cloned in
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pGEM vector (Promega). RSU-1 cDNA was subcloned in frame with
mCherry cassette in a CAG-mCherry retroviral construct. CAG-mCherry
retroviral construct was used as a control virus (Knobloch et al., 2013).
All constructs were sequenced to exclude pointmutations or frameshifts.
Western blotting. For Western blot analyses, cells were lysed in RIPA
buffer with protease inhibitor (Roche) and phosphatase inhibitor (Cock-
tail 2/3, Sigma). Membranes were blocked with 5% BSA in TBS-T. Anti-
bodies used were mouse -GAPDH (1:10000; HyTest), mouse -ILK
(1:500; BDBiosciences), rabbit-ILK (1:500; Abbiotec), rabbit-RSU-1
(1:500; Abcam), rabbit -Pinch (1:5000; kindly provided by Dr. Rein-
hard Fa¨ssler, Max Planck Institute of Biochemistry, Martinsried, Ger-
many), mouse -Jun (1:1000; Cell Signaling Technology), rabbit
-phospho-Jun S73 (1:1000; Cell Signaling Technology), rabbit
-ERK1/2 (extracellular signal-regulated protein kinase 1/2; 1:1000; Cell
Signaling Technology), mouse -phospho-ERK1/2 (1:1000; Cell Signal-
ing Technology), rabbit -AKT (1:1000; Cell Signaling Technology),
mouse -phospho AKT S473 (1:1000; Cell Signaling Technology),
mouse -GSK3 (1:1000; Millipore), and -phospho-GSK3 S9 (1:
1000; Cell Signaling Technology). HRP- or AP-conjugated secondary
antibodies were used, and bands were detected by an enhanced chemilu-
minescence substrate (Thermo Scientific and Roche). Quantifications
were made using a Bio-Rad GS800 densitometer.
Statistical analysis. All statistical analyses were performed with Excel
using two-tailed unpaired t tests or K-S tests when appropriate. Signifi-
cance levels were set at p 0.05. Group sizes for all experimental groups
were n 3.
Results
ILK is expressed in NSPCs of the SVZ and DG of the
adult brain
We first analyzed the expression pattern of ILK in the two major
neurogenic niches of the adult mammalian brain, the SVZ lining
the lateral ventricles and the DG of the hippocampal formation.
Using a human glial fibrillary acidic protein (hGFAP)-driven
GFP-expressing reporter mouse line (hGFAP-GFP) that visual-
izes NSPCs in the adult SVZ, we found expression of ILK protein
in radial glia-like NSPCs (also called type B cells). These cells
contribute to the formation of characteristic pinwheel structures
in the SVZ when coanalyzed with the expression of the scaffold-
ing protein -catenin (Fig. 1A; Mirzadeh et al., 2008; Becker-
vordersandforth et al., 2010). Confirming the expression of ILK
in type B cells, we found colabeling of endogenous GFAP and
Sry-related high-mobility group box transcription factor 2
(SOX2) with ILK in the SVZ (Fig. 1A; Doetsch et al., 1999). Sim-
ilar results were obtained using Nestin-specific antibodies (Fig.
1A). In contrast, we did not find ILK expression in transit-
Figure1. ILK is expressed in the neurogenic niches of the adult brain.A, ILK (red) is present in the adult SVZ in radial glia-like, type B cells identified by the expression ofhGFAP-GFP (green) as part
of a characteristic pinwheel-like structure that can be visualized using -catenin staining (-cat; blue). Endogenous Nestin (green, left bottom) and GFAP/SOX2 (green/blue, right bottom)
expression colabel with ILK (red) in the adult SVZ. Nuclei were counterstainedwith DAPI (gray), if indicated.B, ILK (red) is expressed in the adult DG in radial glia-like, type 1 NSPCs, visualized by the
expression of Nestin-driven GFP (green). ILK (red) colabels with endogenous Nestin (green, left bottom) and GFAP (green, right bottom) expressing NSPCs that also colabel with SOX2 (blue). Nuclei
were counterstainedwith DAPI (gray) if indicated. C, ILK (green) is expressed in neurospheres andmonolayer cultures of NSPCs derived from the adult SVZ. Top, Example of a neurosphere. Bottom,
A single cell expressing ILK. Nuclei were counterstained with DAPI (gray). D, Western blot analysis for ILK of protein lysates isolated from SVZ- and DG-derived NSPCs confirms ILK expression. E, F,
ILK (red) is not coexpressed at detectable levels in DCX- (green, left), Mash1- (green, middle), or NeuN- (green, right) expressing cells in the SVZ (left panels) and the DG (right panels). Nuclei were
counterstained with DAPI (gray). LV, Lateral ventricle; GCL, granule cell layer; ML, molecular layer. Scale bars, 10m.
5224 • J. Neurosci., April 9, 2014 • 34(15):5222–5232 Porcheri et al. • Integrin-Linked Signaling Regulates NSPC Activity
Figure2. Deletion of ILK enhancesNSPCproliferation in the SVZ andDG.A, Schematic illustration of the genetic deletion of ILKusingNestin-CreER T2mice combinedwithROSA-YFP reportermice.
B, Selective ILK ablation on recombined YFP-expressing NSPCs in SVZ (left panels) and DG (right panels). C, Conditional deletion of ILK does not alter the number of YFP-labeled, recombined cells
(green) in the SVZ or DG. Shownare representative images of YFP-labeled cells in the SVZ (left panels) and theDG (right panels) 43 d after last TAM injection.D, Representative images of recombined
cells expressingYFP (green), SOX2 (red), andGFAP (blue) in SVZ (left, top) andDG (left, bottom). Representativepictures of recombined cells expressingYFP (green) andDCX (red) butnotNeuN (blue)
markers in SVZ (middle, top) and DG (middle, bottom). Representative pictures of YFP-positive (green) recombined cells expressing the neuronal marker NeuN (red) in the OB (right, top) and DG
(right, bottom). E, Quantification of YFP-positive cells per area in the SVZ and DG. F,H, Genetic deletion of ILK increases the fraction of YFP-labeled cells expressing SOX2 and GFAP but decreases the
number of DCX-positive neuroblasts in the adult SVZ (F ) and adult DG (H ).G,H, The number of YFP-expressing NeuN neurons is unchanged in both OB (G) and DG (H ). I, Representative pictures
of recombined (green) EdU-long retaining cells (red) coexpressing SOX2 (blue) in the SVZof control and ILK-mutants. J, Representative pictures of recombined (green) IdU fast-cycling cells (red) in the SVZ (left
panels) and DG (right panels) of control and ILK mutants. K, Quantification of long retaining EdU/SOX2/YFP-positive cells per area, indicating enhanced proliferation of SOX2-expressing cells in the SVZ. L,
Quantificationof IdUYFP cells in the twoneurogenic regionsof theadult brain. Thenumberof fast-cycling IdU cells is increasedupon ILKablation. LV, Lateral ventricle; CC, corpus callosum; Str, striatum;
GCL, granule cell layer;ML,molecular layer. Data are presented as themean SEM. Scale bars: C, left panels, 25m; C, right panels, 80m;B,D, I, J, 10m.*p 0.05,**p 0.01, ***p 0.001.
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amplifying cells (type C cells, as visualized using antibodies
against Mash1) or early neuroblasts (type A cells), marked by the
expression of DCX (Doetsch et al., 1999). Furthermore, no ex-
pression of ILK was found in neurons expressing NeuN (also
known as RNA binding protein Fox1 homolog 3; Mullen et al.,
1992; Fig. 1E).
In analogy to the ILK expression pattern in the SVZ, we found
the expression of ILK in radial glia-like NSPCs (also called type 1
Figure 3. Genetic deletion of ILK enhances NSPC proliferation in vitro. A, Virus-mediated Cre expression leads to the loss of ILK protein in SVZ- and DG-derived NSPCs isolated from control and
mutant mice. Shown are representativeWestern blots. B, Loss of ILK enhances proliferation in monolayer NSPC cultures derived from the adult SVZ and DG as analyzed by EdU pulse labeling (red).
Left bars show quantification, right panels show representative images from cells isolated from the adult SVZ. C, Deletion of ILK increases the size of neurospheres derived from SVZ and DG. Left
images show representative bright-field and fluorescent images (showing YFP expression) of a control neurosphere (left panels) and an ILK-deficient neurosphere (right panels). Right graphs show
quantification for the adult DG and SVZ. Data are presented as the mean SEM. Scale bars, 20m. *p 0.05, **p 0.01, ***p 0.001.
Figure 4. PINCH1/2 regulate NSPC proliferation within the adult brain. A, In the adult SVZ, PINCH1/2 (red) is present in radial glia-like, type B cells identified by the expression of Nestin-GFP
(green). Left panel shows an overlay, and small panels show single channels for Nestin-GFP and PINCH1/2. B, PINCH1/2 (red) are coexpressed in adult radial glia-like NSPCs expressing Nestin-GFP
(green) in the adult DG. Left panel shows an overlay, and small panels display single channels for Nestin-GFP and PINCH1/2. C, ILK (green) and PINCH1/2 (red) are coexpressed in adult NSPCs. Left
panel shows an overlay of ILK and PINCH1/2 signals, and small panels show single channels for ILK and PINCH1/2. Nuclei were counterstained with DAPI (gray). D, E, In analogy to conditional ILK
deletion, the genetic loss of PINCH1/2 enhances the fraction of YFP-labeled cells (green) expressing SOX2 (red) and GFAP (blue) in the adult SVZ and adult DG. Shown are overlays and individual
channels (D). Quantifications of recombined YFP-labeled cells expressing SOX2 and GFAP show the enhanced generation of putative NSPCs in the adult SVZ and DG upon PINCH1/2 deletion (E). F,
Quantification of EdU-labeled, SOX2-expressing recombined cells per area in the SVZ after conditionally deleting PINCH1/2 using NestinCreERT2-mediated Cre expression. LV, Lateral ventricle; GCL,
granule cell layer. Data are presented as the mean SEM. Scale bars, 10m. *p 0.05, **p 0.01.
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cells) within the SGZ of the DG using a Nestin-driven GFP re-
porter mouse line (Nestin-GFP), endogenous Nestin expression,
or GFAP and SOX2 expression (Fig. 1B). More than 98% of cells
labeled with Nestin-GFP in the SVZ and DG coexpressed ILK.
Again, we foundno expression of ILK inMash1- orDCX-positive
neuroblasts or NeuN-expressing neurons (Fig. 1F).
Reflecting the in vivo expression pattern of ILK, we detected
substantial amounts of ILK protein in cultured NSPCs grown as
neurospheres ormonolayers derived from the adult SVZ andDG
(Fig. 1C,D).
ILK controls NSPC proliferation in the two neurogenic
regions of the adult brain
After characterizing the ILK expression patterns in the SVZ and
DG, we next sought to test for a functional contribution of ILK in
NSPC behavior. We selectively deleted ILK in adult NSPCs by
crossing ILKflox/flox mice with mice harboring TAM-inducible,
Nestin-driven Cre recombinase and Cre-dependent ROSA YFP
reporter alleles (hereafter called ILK-cKO; Lagace et al., 2007; Fig.
2A). TAM was injected daily for 5 consecutive days, followed by
3 d of EdU injections 10 d after the last TAM injection to label
proliferating NSPCs. To label YFP-expressing, proliferating
NSPCs, mice received injections of the
thymidine analog IdU every 2 h in the 10 h
before being killed. Recombined YFP-
expressing cells were analyzed 43 d after
the last TAM injection (i.e., 30 d after last
EdU injection). Costaining for ILK and
YFP confirmed selective deletion of ILK
on recombined NSPCs in SVZ (Fig. 2B,
left) and DG (Fig. 2B, right). We first
analyzed the total number of YFP-
expressing cells in the SVZ andDG in ILK-
cKO mice compared with control mice.
However, we did not find differences be-
tween conditional mutants and controls
regarding the total number or relative
density of YFP-labeled cells in the SVZ or
DG (Fig. 2C,E). In contrast, the numbers
of SOX2/GFAP/YFP-positive cells were
increased after conditional ILKdeletion in
both the SVZ (Fig. 2F) and the DG (Fig.
2H), suggesting that the loss of ILK leads
to enhanced activity of NSPCs in the adult
brain. Thus, we analyzed cell death and
intermediate steps of differentiation from
the dividingNSPC to themature newborn
neuron. There was no difference in cell
death between ILK-cKO and control mice
as measured in the SVZ using TUNEL
staining (control mice, 72.2  20.3 cells/
mm2; mutant mice, 60.9  19 cells/
mm2).We also did not observe changes in
the number of newly generated YFP-
labeled astroglia in the SVZ and DG (data
not shown). Next, we quantified DCX-
and NeuN-expressing cells derived from
recombined NSPCs, and identified a
decrease in the percentage of immature
neuroblasts (DCXNeuN) that may
compensate for the observed increase in
ILK-cKONSPCs of the SVZ (Fig. 2F) and
DG (Fig. 2H). Consistent with this, the
total number of newly generated neurons (NeuN) appeared
unchanged in both the olfactory bulb (OB; Fig. 2G) and DG (Fig.
2H). In addition, we found increased numbers of YFP-
expressing, EdU-labeled cells that were also positive for SOX2 in
mice lacking ILK compared with controls (Doetsch et al., 1999;
Suh et al., 2007; Fig. 2 I,K). We also found an increase in the
number of IdU-labeled cells, labeling the fast-cycling population
of NSPC-derived progeny (Fig. 2 J,L), which was also reflected by
an increase in the number of MASH1-expressing transit-
amplifying cells (SVZ: control, 8.7  0.7%; ILK-cKO, 14.5 
0.7%; p 0.01; DG: control, 4.0 0.1%; ILK-cKO, 9.3 0.3%;
p  0.001). This finding closely resembled the phenotype ob-
served after the deletion of 1-integrin in the adult stem cell
compartment (Shen et al., 2008; Kazanis et al., 2010) and sup-
ported our hypothesis that integrin-dependent signaling in adult
NSPCs is mediated by ILK-associated signaling events.
ILK regulates proliferation of SVZ- and DG-derived NSPCs
in vitro
Wenext tested whether ILK deletion affects also the proliferation
of isolated NSPCs in vitro. NSPCs were isolated from the SVZ or
DG of young adult ILKflox/floxmice, and, after the initial propaga-
Figure 5. PINCH1/2 is involved in proliferation control of NSPCs cultured in vitro. A, PINCH1/2 (red) is expressed in SVZ-derived
neurospheres (left panel) and adherent NSPC cultures (right panel). Nuclei were counterstained with DAPI (gray). B, Virus-based
Cre expression leads to the loss of PINCH1/2 in NSPCs isolated from PINCH1/2flox/flox mice. Furthermore, loss of PINCH1/2 reduces
the expression of ILK, presumably due to destabilization of the IPP complex. C, Genetic deletion of PINCH1/2 enhances the
proliferationofmonolayer cultures derived fromtheadult SVZasmeasuredby EdU (red) pulse labelingof YFP-labeled cells (green).
D, Quantification of NSPC proliferation upon PINCH1/2 loss in cells derived from the adult SVZ and DG. E, Loss of PINCH1/2 leads to
an increased sizeofneurospheresderived fromtheadult SVZandDG, a finding comparable to theproliferationphenotypeobserved
after conditional deletionof ILK in adultNSPCs. Data arepresentedas themeanSEM. Scale bars, 20m.*p0.05, **p0.01,
***p 0.001.
Porcheri et al. • Integrin-Linked Signaling Regulates NSPC Activity J. Neurosci., April 9, 2014 • 34(15):5222–5232 • 5227
tion, cells were transduced with Cre-expressing lentiviruses to
delete ILK (Fig. 3A). When using an EdU pulse to label cells in
S-phase, we found a robust increase in proliferating cells after ILK
deletion in NSPCs growing as monolayers (Fig. 3B). We con-
firmed this phenotype by analyzing the size of neurospheres de-
rived from ILK-deletedNSPCs and control cells, indicative of cell
proliferation, and found a significant shift toward larger spheres
generated from ILK-deficient cells (Fig. 3C). Together, these
findings indicate that ILK-mediated signaling negatively regu-
lates NSPC proliferation both in vivo and in vitro in NSPCs from
the SVZ and DG.
PINCH1/2 deletion phenocopies loss of ILK in vivo and
in vitro
After identifying that ILK controls cell proliferation in the neu-
rogenic niches of the adult brain, we next tested whether ILK
signaling depends on the canonical IPP complex function. We
focused on PINCH1/2 proteins that constitute, together with ILK
and Parvin, the IPP complex (Wickstro¨m et al., 2010). Using an
immunohistochemical approach, we found expression of
PINCH1/2 in adult NSPCs in the SVZ and DG, closely resem-
bling the expression pattern of ILK (Fig. 4A–C). Remarkably,
conditional double knockout of PINCH1 and PINCH2, again
using the inducible Nestin-driven Cre mouse (hereafter called
PINCH1/2-cKO), phenocopied the effects of ILK deletion, and
resulted in enhanced cell proliferation of NSPCs in the SVZs and
DGs of adult mice (Fig. 4D,F). Supporting these findings, we
found that genetic deletion of PINCH1/2 in NSPCs (using virus-
based Cre expression in cells isolated from PINCH1/2flox/flox
mice) robustly enhanced cell proliferation in both monolayer
cultures and neurospheres of both SVZ- and DG-derived NSPCs
(Fig. 5D,E). Interestingly, the loss of PINCH1/2 led to a strong
reduction in ILK levels, most probably due to destabilization of
the IPP complex (Legate et al., 2006; Wickstro¨m et al., 2010; Fig.
5B). Together, these data suggest that the integrity of the IPP
complex is critical in controlling cell proliferation of adult
NSPCs.
Enhanced proliferation after loss of IPP complex is mediated
by increased JNK activity
We next sought to analyze how destabilization of the IPP com-
plex alters intracellular signaling activity. Thus, we characterized
the phosphorylation status of several protein kinases that had
been previously implicated in canonical and noncanonical IPP-
mediated signaling. Whereas there were no differences in phos-
phorylation levels of AKT and GSK3 after deletion of ILK, we
found significantly increased phosphorylation ratios for ERK1/2
(also known asMAP-kinase 42 and 44) and c-Jun (Fig. 6A,B). To
test for the functional significance of ERK and/or JNK signaling,
we used selective inhibitors to block ERK (U0126) or JNK
(SP600125) activity. Inhibition of ERK activity significantly re-
duced the proliferation of ILK-deficient NSPCs but also reduced
the proliferation of control SVZ-derived NSPCs, suggesting that
ERK is important for properNSPCproliferation but is unlikely to
mediate the increased proliferation phenotype after ILK deletion
(Fig. 6C; Samuels et al., 2008; Pan et al., 2012; Zou et al., 2012). In
striking contrast, we found that the inhibition of JNK activity
selectively reduced the proliferation of ILK-deficient cells to base-
line levels but had no inhibitory effect on cell growth in control
cells (Fig. 6C). These findings strongly suggest that enhanced
NSPC proliferation is at least partially mediated through in-
creased JNK activity following the deletion of ILK.
Restoration of RSU-1 expression rescues enhanced
proliferation after ILK deletion
After showing that an IPP–JNK-dependent pathway regulates cell
proliferation of adultNSPCs,we next aimed to identify themech-
Figure 6. Increased JNK activity mediates enhanced proliferation of NSPCs upon loss of ILK. A, Genetic deletion of ILK enhances the activity of ERK and JNK pathways. Shown are representative
Western blots of protein isolated from ILK-deficient or control SVZ-derived NSPCs.B, Quantification of kinase activities upon genetic deletion of ILK. C, Inhibition of ERK activity using U0126 leads to
an overall reduction of proliferation in SVZ-derived, ILK-deficient, and control NSPCs, suggesting that enhanced ERK activity is not responsible for the increase in cell proliferation upon ILK deletion.
In striking contrast, blocking JNK activity using SP600125 selectively normalizes the enhanced proliferation after ILK loss without affecting baseline proliferation of cultured NSPCs, indicating that
enhanced JNK activity is at least partiallymediating enhanced cell division after genetic deletion of ILK.D, Loss of ILK leads to a strong reduction of RSU-1 expression. Left panels show representative
Western blots of protein isolated from ILK-deficient cells, which were isolated from the SVZ and DG, respectively. Right graphs show quantification. Data are presented as the mean SEM. *p
0.05, **p 0.01, ***p 0.001.
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anism underlying increased JNK activity after destabilization of
the IPP complex. Previous reports showed that RSU-1, a suppres-
sor of Ras activity, interacts through PINCH1 with the IPP com-
plex (Dougherty et al., 2005, 2008). Furthermore, RSU-1 can
regulate JNK activity in Drosophila melanogaster (Kadrmas et al.,
2004). Notably, we found a dramatic reduction of RSU-1 protein
levels after the deletion of ILK, suggestive of a role for RSU-1
in mediating the effects of the IPP complex on cell prolifera-
tion (Fig. 6D). Thus, we next tested whether reconstitution of
RSU-1 expression (using retrovirus-mediated expression of an
mCherry–RSU-1 fusion protein) is capable of rescuing the ILK-
dependent phenotype and to normalize cell proliferation after
ILK deletion. Strikingly, retrovirus-mediated expression of
RSU-1 in SVZ- and DG-derived NSPCs specifically reduced
proliferation of ILK-deficient NSPCs and fully rescued the en-
hanced proliferation phenotype due to ILK deletion (Fig. 7A,B).
In contrast, the overexpression of RSU-1 in control cells did not
affect cell proliferation as measured by EdU pulse labeling, indi-
cating that RSU-1 is selectively involved in IPP-mediated control
of NSPC proliferation (Fig. 7B). Protein analysis confirmed
Figure 7. Restoring RSU-1 expression rescues enhanced NSPC proliferation upon ILK deletion. A, Retrovirus-based expression of RSU-1 restores RSU-1 levels in ILK-deficient cells. Shown is a
representative Western blot from NSPCs transduced withmCherry ormCherry-RSU1-expressing retrovirus. Note the shift of the mCherry–RSU-1 fusion protein compared with the mCherry protein
expression. B, RSU-1 overexpression selectively reduces the proliferation of NSPCs isolated from the adult SVZ and DG after conditional deletion of ILK to baseline levels. Right panels show
representative images of EdU-labeled (green) ILK-cKO cells transduced with a mCherry-expressing control virus (red, top) or an mCherry-RSU-1-expressing virus (red, bottom). Left bars show
quantification. C, Overexpression of RSU-1 restores the basal phosphorylation level of Jun. D, Quantification of phospho-Jun level upon mCherry or mCherry-RSU1-expressing virus infection. E,
Virus-mediated expression of shRNAs directed against the mRNA coding for RSU-1 reduces protein levels of RSU-1 compared with nontargeting control shRNA. Shown are representative Western
blots. F, shRNA-mediated knockdown of RSU-1 enhances the proliferation of cultured NSPCs, further suggesting that the regulation of NSPC proliferation after genetic deletion of ILK is at least
partially controlled through RSU-1. Bars show quantifications. Right panels are representative pictures. Data are presented as the mean SEM. Scale bars: A, B, 10m; F, 20m. *p 0.05.
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that virus-mediated overexpression of
RSU-1 restored Jun phosphorylation to
control levels (Fig. 7C,D). This hypothe-
sis was further supported by our finding
that virus-based, shRNA-mediated knock-
down of RSU-1 phenocopied the effects
of ILK and PINCH1/2 deletion and en-
hanced the proliferation of cultured
NSPCs (Fig. 7E,F). Thus, we here charac-
terized a novel intracellular signaling cas-
cade in the context of adult NSPCbiology:
the IPP complex controls cell prolifera-
tion through RSU-1-mediated regulation
of JNK activity.
Discussion
Several extracellular and intracellular cues
regulate the activity of adult NSPCs, their
differentiation, and neuronal integration
(Zhao et al., 2008). However, how signals
from the surrounding matrix or neigh-
boring cells are translated into intracellu-
lar signaling cascades within NSPCs is
poorly understood.Herewe characterized
the intracellular signaling mechanisms
downstreamof integrin-associated signal-
ing and found that genetic deletion of ILK
(or PINCH1/2) enhances JNK activity due
to the loss of RSU-1, subsequently result-
ing in enhanced proliferative activity of
NSPCs within the two neurogenic regions of the adult mamma-
lian brain.
Previous reports (Shen et al., 2008; Kazanis et al., 2010)
showed that laminins (produced by NSPCs, but also by astro-
cytes), endothelial cells of blood vessels, and ependymal cells in
the SVZ are critically involved in controlling adult NSPC prolif-
eration. The 1-integrin receptor, the most abundant receptor
for laminin in the adult brain, is highly expressed on the surface of
NSPCs, and laminin/1-integrin signaling has been shown to be
crucial for adult neurogenesis (Belvindrah et al., 2007; Loulier et
al., 2009). 1-integrin-mediated signaling provides an essential
signal to control NSPC homeostasis and maintenance (Shen et
al., 2008; Kokovay et al., 2012).
Our data suggest that the IPP complex acts downstream of
1-integrin to regulate NSPC activity. However, the long-term
effects of ILK and PINCH1/2 deletion on NSPC homeostasis and
activity remain unknown, and need to be addressed in future
experiments. It is interesting to note that the increase in NSPC
activity seems to be counterbalanced by a reduction in DCX-
expressing immature neurons, leading to unchanged numbers of
net neurogenesis (at the time points analyzed).
To address how integrin-derived signals are translated into
intracellular signaling cascades in NSPCs, we focused on one of
the main pathways activated by 1-integrin activation: the IPP
complex cascade (Wickstro¨m et al., 2010). Once the integrin re-
ceptor undergoes the conformational change induced by laminin
interaction, several proteins are engaged in the formation of the
IPP complex. ILK interacts with the cytoplasmic domain of the
-integrin receptor through its C-terminal region, while also in-
teracting through its N-terminal end with the LIM domain of the
PINCH adaptor. The complex is formed in the cytoplasm, and its
stability depends on the presence of all single components: if one
of these proteins is lacking, the IPP complex is rapidly degraded
(Legate et al., 2006). Confirming this, we found that genetic de-
letion of PINCH1/2 led to a reduction of ILK protein levels. Fur-
thermore, selective conditional genetic deletion of PINCH1/2 in
adult NSPCs phenocopied the effects of ILK deletion, which re-
sulted in enhanced proliferative activity of NSPCs both in vitro
and in vivo.
Interestingly, we found several kinase signaling pathways to be
enhanced after the loss of ILK, including increased levels of ERK
and JNK activity that may explain the observed increase in NSPC
proliferation. We confirmed previous findings suggesting that
the ERK pathway is important for NSPC proliferation and neu-
rogenesis in the developing and adult brain (Samuels et al., 2008;
Pan et al., 2012; Zou et al., 2012). However, increased activity of
the ERK pathway could not explain the enhanced proliferation
phenotype after the loss of ILK. Strikingly, we found that in-
creased activity of JNK was mediating the increase of NSPC pro-
liferation that we observed after genetically deleting ILK. Thus,
the loss of ILK has a pro-proliferative effect on NSPCs through
its downstream target JNK. Given this finding, the growth-
suppressive function under normal conditions that we have
identified here for ILK in NSPCs, highly resembles the tumor-
suppressor functions of ILK in certain tumors, in contrast to the
oncogenic role of ILK in other types of cancerous cells (Durbin et
al., 2009).
We next sought to identify the mechanism by which destabi-
lization of the IPP complex leads to enhanced JNK activity.
RSU-1, a suppressor of pro-proliferative Ras activity, has been
previously described to interact with PINCH1 in the IPP complex
(Dougherty et al., 2005, 2008). Notably, we found a strong loss of
RSU-1 after ILK deletion in NSPCs. Supporting the hypothesis
that RSU-1 activity is required to control levels of JNK activation,
we found that virus-mediated restoration of RSU-1 expression in
NSPCs fully rescued the ILK loss-of-function phenotype and
Figure8. Molecular control of stem cell proliferation by niche-dependent factors. The IPP complex is recruited and stabilized by
integrin receptors activatedupon interactionwith the extracellularmatrix. RSU-1 acts on theMAPK cascade as anegative regulator
to control NSPC proliferation via ILK and PINCH. Lack of RSU-1 or IPP complex components enhances the proliferative rate of NSPCs
in the neurogenic niches of the adult brain. BV, Blood vessel. CSF, cerebrospinal fluid; ECM, extracellular matrix; NSPC, neural
stem/progenitor cell.
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normalized the levels of proliferation. Thus, RSU-1 exerts in
NSPCs a function similar to that of control JNK activity as its
previously described role during the development of D. melano-
gaster (Kadrmas et al., 2004).
Controlling the proliferation of NSPCs is necessary to main-
tain the life-long capacity of adult NSPCs to generate new neu-
rons (Zhao et al., 2008). The neurogenic niche plays a pivotal role
in either activating or reducing the proliferation of NSPCs by
providing a number of growth factors such as EGF, FGF, Wnt,
and Shh, by direct neurotransmitter input and by receptor-
mediated signaling (Gritti et al., 1999; Lai et al., 2003; Lie et al.,
2005; Kazanis et al., 2010; Song et al., 2012). The data presented
here characterize the intracellular signaling cascade upon activa-
tion of 1-integrin receptors on NSPCs and identify an IPP
complex-mediated regulation of JNK activity through RSU-1
that controls the proliferation of adult NSPCs (Fig. 8).
Interestingly, recent reports suggested aberrant upregulation
of ILK protein levels in aged tissue derived from the heart and
kidney (Li et al., 2004; Chen et al., 2006). This is a compelling
finding given that aging leads to a dramatic reduction of cell
proliferation in both neurogenic regions of themammalian brain
that may account for age-associated behavioral impairments
(Jessberger andGage, 2008; Zhao et al., 2008). Thus, targeting the
IPP complexmay represent a future therapeutic avenue by which
to manipulate the levels of NSPC proliferation in the aged or
diseased brain. The data presented here provide the molecular
framework for doing so by dissecting the molecular cascade me-
diating niche-derived integrin-associated signaling.
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